Friction Stir Welding (FSW) is a solid-state process which is extensively used to join aluminum sheet structures in a wide variety of industries, including aerospace, automotive, railway, and maritime. This research is focused on the influence of the tool rotational speed on the mechanical properties of friction stir welded 2 mm thick AA1050 aluminum alloys butt joints. Tool rotational speeds from 500rpm to 2000 rpm with a 250rpm step and 1.7mm and 1.8mm plunge depth values were used. Experiments were conducted in a vertical Haas VF2 3 axis CNC milling machine center. Three joint specimens were tested for each case. The tensile properties of the friction stir welded AA1050 aluminum alloys were investigated in the direction perpendicular to the friction stir welding joint. Tensile experiments were conducted using a Schenk Trebel Co. tensile test machine and the Ultimate Tensile Strength, the Young's Modulus and strain were calculated. Results were compared with reference material values. In all cases the calculated values were significantly lower than the equivalent reference material values which is expected due to the fact that the area of the welding joint was lower than the specimen cross sectional area, for the welding conditions employed.
Introduction
Friction stir welding (FSW) is a solid-state joining technique that has expanded rapidly since its development in December 1991 at The Welding Institute [1] . The FSW process exhibits a number of attractive advantages compared to other welding processes, perhaps the most significant of which is the ability to weld alloys that are difficult or impossible to weld using fusion welding techniques [2] .
During FSW the highest temperature reached is below the melting point of the material, and therefore there are no problems related to re-solidification, such as the formation of second phases, porosity, or cracking. In addition, the lower melting point of the material temperature of the process minimizes thermal distortion and high residual stresses [2] , [3] . FSW is also energy efficient since it doesn't require filler material and, in most cases, the use of a shielding gas [3] .
In FSW a rotating tool, consisting of a profiled probe with a length less than the weld depth required and a shoulder riding atop the work surface, is transversely fed at a constant rate along the interface between two clamped pieces of butted material. This rotating tool generates heat through both friction (contact of the tool with the welding surface) and plastic deformation, and traverses the joint line. This heat generated by the combination of the rotational speed and the welding speed causes the stirred materials to soften without melting. The softened materials are moved from the leading edge of the pin to the rear edge while the clamping and forging forces consolidate the weld metal. This process of the tool traversing along the weld line in a plasticized tubular shaft of metal results in severe solid state deformation which may be followed by dynamic recrystallization of the base material [4] .
In the recent years several researchers have studied aluminum alloys with the aim to investigate fully the FSW process mechanics, material flow and metallurgical aspects [5] - [10] . S. Jannet et al. (2013) [11] compared FSW with fusion welding for 6061-T6 and 5083-O aluminum alloys. It was found that in the FSW process there is no porosity or other defects which are usually associated with fusion. However, process parameters such as the tool rotational speed, the welding speed, the axial force and the tool pin profile have a profound effect on joint strength. K. Elangovan et al. (2007) [8] investigated the influence of the pin profile and the tool rotational speed on the formation of friction stir processing zone in 6mm thick AA2219 aluminum alloy sheets, concluding that square pin profiled tools produced defect free welding regions. C. Devanathan et al. 2013 [12] studied the effect of the plunge depth on the mechanical properties of Al 6063, showing that the increase of the plunge depth decreases the mechanical properties and leads to a defective weld. Several studies [5] [6] [7] , [10, 11] , [14] [15] [16] [17] [18] were performed on the thermal and mechanical effects produced during FSW. These effects are mainly due to the asymmetry of the flow around the material, caused by the difference in the relative velocity between the two sides of the weld. On one side (retreating side -RS) the tangential velocity is opposite to the welding direction and on the other side (advancing side -AS) tangential velocity is on the same direction with the probe. This results in a directional plastic flow from one side of the tool to the other [13] .
Regardless of the material in which a friction stir weld is performed, the resulting microstructure has three distinct zones. The weld nugget (WN is also the stir zone) corresponds to the area that has direct interaction with the pin during the welding process. It is a region of high deformation and high temperature. It is also a dynamically re-crystallized zone consisting of fine equiaxed grains [14, 15] . The thermo-mechanically-affected zone (TMAZ) is a zone entirely unique to friction welding. It is located on both sides of the stir zone. In this region, strain and temperatures are lower. It is characterized by severe plastic deformation and elongation of the base material grains as well as exposure to elevated temperature because of the proximity to the WN. In the heat-affected zone (HAZ) which is common to all welding processes, the material experiences thermal conditions that modify its microstructure and/or the mechanical properties without any plastic deformation [16] .
Peel et al. 2003 [7] studied the microstructure, the mechanical properties and the residual stresses as a function of the welding speed in AA5083 Friction Stir Welds. The hardness and the yield stress were found to be considerably lower in the WN than in the base metal (BM). During the tensile test, almost all the plastic deformation occurred within the WN area. This study also indicated that the weld properties were dominated by thermal input rather than the mechanical deformation produced by the tool.
In the majority of the published studies, the thickness of the specimen ranged from 3 mm to 15 mm [8] [15] [19] [20] [21] [22] [23] and only few of them were on thin plates. Rodrigues DM et al. [24] studied the FSW of 1mm thick AA 6016-T4 aluminum alloy with a conical shoulder (HW) and a scrolled shoulder (CW) tool, concluding that the differences in tool geometry and welding parameters significantly affect the material flow as well as the microstructure. Ivan Galvão et al. [16] studied 1 mm thick plates of dissimilar materials indicating that the application of the FSW process in the joining of very thin plates is feasible, with the increase of the welding speed raising the grain refinement and increasing the hardness and the tensile strength of the specimens. Yong-Jai Kwon et al. [25] focused on the study of the FSW of 2 mm 5052 aluminum alloy plates with different rotational speeds ranging from 500 to 3000 rpm under a constant traverse speed of 100 mm/min, showing that defectfree welds are successfully obtained for all the rotational speeds employed.
In the current work the influence of the tool rotational speed on the mechanical properties of friction stir welded (FSWed) 2 mm thick AA1050 aluminum alloys butt joints is studied. The challenge of this research was the thinner plates compared to most of the literature studies [26, 27] . FSW specimens' tensile properties were experimentally studied, to determine mechanical properties, such as the Ultimate Tensile Strength (UTS), the Young's Modulus and strain. Results were compared with reference material values. In all cases the calculated values were significantly lower than the equivalent reference material values which is expected because of the smaller area of the welding seam, for the welding conditions used.
Methodology
The metal sheets were cut into rectangular welding samples from a 2mm thick AA1050 (A91050) aluminum alloy part, using a cutting machine. The samples were butt-welded longitudinally using with a conventional vertical milling machine. The dimensions of each of the 2mm thick specimens were 70 mm (width) × 100 mm (length).
A cylindrical profile pin FSW tool was employed in the study ( fig. 1 ) and its geometry was taken from literature [25] . It has a diameter of 10mm for the shoulder, the diameter of the pin is 4mm and the length of the pin is 1.7mm. A Computer Aided Design (CAD) software tool was employed for the three dimensional geometric modelling of the FSW tool. A Computer Aided Manufacturing (CAM) platform was employed for the production of tool paths and the G-code program required to operate the Computer Numerically Controlled (CNC) machines, for both the manufacture of the FSW tool and the FSW experiments. A Haas SL-20 CNC lathe was employed for the manufacturing of the FSW tools and a Haas VF-2 three axis CNC vertical milling machine center was employed in the FSW process experiments. Specimens were fixed on a 155 x 200 mm² hard steel plate in the CNC milling machine. This plate also assists in keeping the joining line parallel to the tool ( fig. 2) . The process parameters used for friction stir welding of the 2mm samples were taken from literature [25] and are shown in table 1. No tilt angle was applied during the FSW process with the milling machine. Two more tests were implemented with a plunge depth of 0.1 mm at 1750 rpm and 2000 rpm in order to study the effect of plunge depth on the mechanical properties of the specimens. FSW specimens were tested on a tensile test machine, to determine their tensile properties. Specimens were cut so that each tensile specimen has a 10 mm width. Three specimens for each welding parameter were tested. Also, three solid specimens from the same sheet were cut with the same dimensions with the FSW specimens and were experimentally tested under tension, for reference. Their mechanical properties are presented in the results section and they were compared with the FSWed specimens' mechanical properties. The gauge length of the specimens was measured to be 92.38 mm. The tensile tests were performed using a Schenk Trebel Co. tensile test machine ( fig. 3 ) according to the ASTM D695 standard. CLG-2B load cells with 2 ton capacity, 1 Kp sensitivity and 0.5% accuracy of the applied load were used to measure forces during the experiments, while sensors (Sokki Kenkyujo Co.
Ltd. Tokyo) were online with digital indicators. A SDP-100c strain gauge (extensometer, capacity 100mm, sensitivity 0.01mm and nonlinearity 0.2% RO) was also used to record strain. The micro sensors (Kyowa Co. Ltd.) for strain measurement were connected through a bridge circuit. Sensors were logged with Labview. The tensile tests were carried out at room temperature at a test speed of 5 mm/min [22] . Stress-strain curves were produced for all specimens and tensile properties such as the Ultimate Tensile Strength, the Young's modulus and the strain for each specimen were experimentally evaluated. 
Results and discussion
All the specimens in the study were visually inspected and it was estimated that defect-free welds were successfully obtained for all cases studied, except for the case of 500 rpm. Figure 5 shows the upper surface of the joints. The pin hole, at the end of the FSW process, is present in all joints. The surface of the welded joint at 500 rpm presents excessive defects such as cavities and grooves due to improper flow of the metal caused by insufficient heat input [28] . Small flashes were identified throughout the advancing side of the weld line at rotational speeds from 1000 to 2500 rpm. These flashes are due to the development of excess heat during the experiment. The asymmetry of the FSW process leads to a difference between the temperature on the advancing and on the retreating side of the specimens. The linear velocity on the perimeter of the shoulder is higher on the advancing side than on the retreating side [29] . The plunge depth of 0.1 mm at rotational speeds of 1750 rpm and 2000 rpm increases the heat generated by the tool. As a result, very small flashes are detected on the advancing side. Semicircular traces were observed but the surface become smoother as the rotational speed increases, which is shown for speeds from 1250 rpm to 2500 rpm. In figure 6 the 2 mm AA1050 (A91050) reference material stress strain curve of a random specimen is presented as calculated from the tensile tests together with the equivalent curves for the FSWed specimens at various rpms. Table 2 and figure 7 show the calculated tensile properties (ultimate strength, Young's modulus and strain) average values of the three specimens tested for each welding parameters case and the deviation (joints efficiency) of these values are compared to the base material. In all cases the FSW process of 2mm thick AA1050 alloy at rotational speeds ranging from 500 to 2500 rpm with a constant welding speed of 50 mm/min produced specimens with decreased tensile properties are compared to the parent material. The joint efficiency reported in this work is in agreement with similar studies in literature, reporting efficiency 70% [26] .
The ultimate strength is lower than the base metal (average calculated UTS 107 MPa for the base metal specimens of this study) ranging from 57 to 91 %. The lowest ultimate strength was calculated at the rotational speed of 500 rpm, which is expected due to the presence of defects on the upper-surface of the specimen. The maximum ultimate strength was calculated at the rotational speed of 750 rpm. For higher rpm values up to 1500 rpm the ultimate strength value decreases. At 1750, 2000 and 2250 rpm, the average value of the ultimate strength is the same (70 MPa) and at 2500 rpm it increases (74 MPa). The strain values calculated are lower than the base metal (4.5%) in all cases studied with an efficiency ranging from 25 to 43%. The minimum strain was calculated at 500 rpm and the highest strain value was calculated at 750 rpm. The Young's modulus values calculated are lower than the base metal, too, with the welded samples efficiencies ranging between 80 and 100%. At 750 rpm, the FSWeld sample has the same Young's modulus as the base metal. The minimum value was calculated at 500 and 2250 rpm. The best tensile properties for the FSW experiments conducted in this study with AA1050 at 50 mm/min were obtained at a rotational speed of 750 rpm with joints efficiencies compared to the base material of 91% for the ultimate strength, 43% of the strain and 100% for the young's modulus.
The influence of 0.1 mm plunge depth is also studied for the rotational speeds of 1750 and 2000 rpm. The results are summarized in table 3. These results show that the tensile properties decrease with plunge depth. At 1750 rpm the ultimate strength decreases about 8%, the Young's modulus decreases about 45% and the strain decreases about 50%. Similar values were calculated for the 2000 rpm case. 
Conclusions
The aim of this study was on the effect of the welding tool rotational speed on the mechanical properties of friction stir welded 2 mm thick AA1050 aluminum alloys butt joints. To evaluate the quality of the welded joint, tensile tests were performed in order to determine mechanical properties such as the Ultimate Tensile Strength, the Young's Modulus and strain.
The results show that 2mm thick AA1050 commercial aluminum alloy sheets can be successfully joined with FSW. Except for the case of welds at the rotational speed of 500 rpm, defect-free welds were obtained in all the rotational speeds tested with a constant welding speed of 50 mm/min. The surface morphology is smoother when increasing the rotational speed.
The FSW of 2mm thick AA1050 alloy at rotational speeds ranging from 500 to 2500 rpm with a constant welding speed of 50 mm/min produces welded specimens with decreased tensile properties (ultimate strength, Young's modulus and strain) compared to the parent material, with the calculated ultimate strength values ranging from 57 to 91 % of the base metal and the calculated strain values ranging from 25 to 43% of the base metal. The minimum strain was calculated at 500 rpm and the highest strain was calculated at 750 rpm. The Young's modulus decrease as well. However, its values have efficiencies ranging from 80 to 100% of the base metal. The best tensile properties were calculated for the case of FSWed AA1050 at 50 mm/min at a rotational speed of 750 rpm with joints efficiencies of 91% for the ultimate strength and 43% for the strain.
______________________________

